Low-intensity electrical stimulation of the lumbar chain produced a pronounced hindlimb vasodilation that was markedly diminished by pretreatment with 7-NI (45 mg/kg iv). In contrast, the vasodilator potency of acetylcholine and S-nitrosocysteine were augmented by 7-NI. These results suggest that postganglionic lumbar sympathetic neurons may synthesize and release NO-containing factors.
nitric oxide synthase; neurogenic vasodilation; 7-nitroindazole IT IS WELL KNOWN that an active sympathetic neurogenic vasodilator system exists in the skeletal muscle vasculature of several species (l-4, 19) . The physiological (7, 12, 13), pharmacological (11, 24) , or direct electrical activation (2, 4, 14) of sympathetic nerves innervating the hindlimb or forearm vasculature produces a vasodilation in these beds. Although it has been established that this sympathetic vasodilator system is noncholinergic (1, 8) and may partially involve the release of histamine in some species (8), the chemical mediators released from these nerves have never been identified.
The centrally mediated activation of the lumbar sympathetic chain by air-jet stress produces a pronounced hindlimb vasodilation in conscious rats that is reduced by the prior administration of the nitric oxide (NO) synthesis inhibitor A@-nitro-L-arginine methyl ester (L-NAME) (12, 13). In addition, low-intensity electrical stimulation (ES) of the lumbar sympathetic chain produces a hindlimb vasodilation in pentobarbital sodium-anesthetized rats that is also abolished by L-NAME (14). Subpopulations of postganglionic lumbar sympathetic fibers stain for NADPH diaphorase (14), which is taken as a marker for neuronal NO synthase (NOS) (18). As such, it is possible that the vasodilation produced by the activation of the lumbar sympathetic chain may be due to the release of NO or related NO-containing factors (NOFs) such as S-nitrosothiols (31) or dinitrosyl iron(I1) complexes (33) from the NADPH diaphorase-containing nerves. However, these studies did not preclude the possibility that activation of the lumbar sympathetic nerves produced a vasodilation by release of endothelium-derived NOFs. It is well documented that adrenoceptor agonists (10) and ATP (21) also release NOFs from the vascular endothelium. Consequently, it is possible that lumbar sympathetic vasodilation in the hindlimb is due to the norepinephrine-or ATP-mediated release of NOFs from endothelial cells. Moreover, there is now considerable controversy as to whether NADPH diaphorase is an unequivocal marker for NOS (9).
The first aim of the present study was to perform immunohistochemical studies with selective antibodies raised against neuronal NOS. In these studies, we examined the distribution of NOS immunoreactivity in the postganglionic lumbar sympathetic cell bodies and fibers and in nerve varicosities in the iliac and femoral arteries of rats. We also conducted experiments in which we ligated the lumbar sympathetic trunk to determine whether NOS is transported from the cell bodies to the peripheral nerve terminals. The second aim of this study was to provide functional evidence that ES of the lumbar sympathetic chain produces a vasodilation in the hindlimb via release of NOFs from the sympathetic terminals themselves. In these studies, we examined the effects of 7-nitroindazole (7-NI), which is a specific inhibitor of neuronal NOS (27, 28), on the hindlimb vasodilation produced by ES of the lumbar sympathetic chain in pentobarbital sodiumanesthetized rats. To determine whether 7-NI interferes with endothelium-dependent or NOF-mediated vasodilation, we examined the hemodynamic effects of the endothelium-dependent vasodilator acetylcholine (ACh) and the S-nitrosothiol S-nitrosocysteine (SNC) before and after administration of 7-NI. (12, 13, 17) .
MATERIALS
The left lumbar sympathetic chain was identified just dorsal to the abdominal aorta where it passes ventrally over the lumbar veins, and a microbipolar stimulating electrode was placed on the left lumbar sympathetic chain below the level of the last ganglion (Ls). The left sympathetic chain was stimulated via square-wave pulses from a Grass stimulator at selected voltages at 20 Hz, 5-ms duration, for 10 s. In each rat, the voltage that produced reliable increases in HLF in the absence of marked changes in MAP was established.
In the six rats that received 7-N& these voltages were 2.5, 2.5, 3.0, 3.5, 3.5, and 4.0 V (3.2 2 0.2 V). In the six rats that received vehicle, these voltages were 2.5, 2.5, 3.0, 3.0, 3.5, and 4.0 V (3.1 t-0.2 V). The effects of ES at these voltages were tested before and 30-60 min after administration of either vehicle or multiple comparisons between means using the EMS terms from the ANOVA (34). A value of P < 0.05 was taken to denote statistical difference.
RESULTS
Distribution of NOS. Examples of the distribution of NOS in two lumbar sympathetic ganglia are shown in Fig. 1 . The NOS immunoreactivity was highly concentrated in the cytoplasm of the postganglionic cell bodies. NOS immunoreactivity was also present in the postganglionic lumbar sympathetic fibers (Fig. 2A) . The distribution of NOS immunoreactivity within the left lumbar sympathetic chain 48 h after double ligation is shown in Fig. 2B . Intense NOS labeling appeared in the sympathetic trunk proximal to the superior ligature. The intensely stained area proximal to the superior ligature was not a ganglion but an area of swelling due to a buildup of neuronal macromolecules at the ligation. This suggests that NOS undergoes active axonal transport toward the peripheral terminals. There was some NOS immunoreactivity distal to the inferior ligature. This suggests that NOS also undergoes retrograde transport from the terminals to the cell bodies. Except for microganglia, little staining Fig. 4 . ES of the lumbar trunk produced a minor decrease in MAP and a large increase in HLF. These responses were similar before and after administration of the vehicle. The ES-induced increase in HLF was markedly attenuated after administration of 7-NI. A summary of the effects of ES of the intact lumbar sympathetic chain on MAP, HLF, and HLR in pentobarbital sodium-anesthetized rats before and after administration of the vehicle (n = 6) or 7-NI (n = 6) is shown Fig. 3 Values are means I SE; n = 6 vehicle-treated and 6 7-nitroindazole (7-NI; 45 mg/kg iv)-treated rats. MAP, mean arterial pressure; HLF, hindlimb blood flow; HLR, hindlimb vascular resistance. Note that there were no differences between before and after values at P < 0.05 level.
in Fig. 5 . ES (3.1 rf: 0.2 Vat 20 Hz, 5-ms duration, for 10 s) of the lumbar sympathetic trunk produced minor falls in MAP and pronounced increases in HLF that resulted in marked reductions in HLR. These responses were similar before and after administration of the vehicle. In contrast, the hemodynamic effects produced by ES of the lumbar trunk (3.2 + 0.2 V at 20 Hz, 5-ms duration, for 10 s) were markedly reduced after administration of 7-NI. A summary of the percent changes in MAP and HLR produced by SNC (25-200 nmol/kg iv) in pentobarbital sodium-anesthetized rats before and after administration of the vehicle (n = 6) or 7-NI (n = 6) is shown in Fig. 6 . The resting values before and after administration of 7-NI were 114 t 3 and 108 t: 4 mmHg, respectively, for MAP (P > 0.051, 0.37 + 0.04 and 0.32 + 0.04 kHz, respectively, for HLF (P > 0.051, and 349 + 47 and 373 ? 39 mmHg/kHz, respectively, for HLR (P > 0.05). SNC produced dose-dependent decreases in MAP and HLR that were similar in magnitude before and after administration of the vehicle. The vasodilator effects of SNC in the hindquarter bed were augmented after administration of 7-NI. A summary of the percent changes in MAP and HLR produced by ACh (0.1-1.0 pg/kg iv) in pentobarbital sodium-anesthetized rats before and after administration of the vehicle (n = 5) or 7-NI (n = 5) is shown in Fig. 7 . The resting values before and after administration of 7-NI were 114 ~fr 3 and 109 t 4 mmHg, respectively, for MAP (P > 0.051, 0.34 t: 0.04 and 0.30 +_ 0.04 kHz, respectively, for HLF (P > O.OS>, and 351 t 43 and 369 t 47 mmHg/kHz, respectively, for HLR (P > 0.05). ACh produced dose-dependent decreases in MAP and HLR that were similar in magnitude before and after administration of the vehicle. The vasodilator effects of ACh in the hindquarter bed were augmented after administration of 7-NI.
DISCUSSION
The main aim of the present study was to provide immunohistochemical and functional evidence that lum- bar sympathetic nerves synthesize and release NOFs that, in turn, mediate the hindlimb vasodilation produced by the activation of these nerves. This study demonstrates that lumbar sympathetic cell bodies, postganglionic fibers, and varicosities innervating the hindlimb vasculature of the rat contain NOS. The presence of NOS in the varicosities within the iliac and femoral arteries supports the possibility that NOScontaining postganglionic lumbar sympathetic fibers may also innervate the resistance vessels in the hindlimb beds. The presence of NOS in the varicosities provides important evidence that postganglionic sympathetic nerves may synthesize NOFs. There are now reports (6, 29) of NOS in preganglionic sympathetic fibers of several species. Our evidence that NOS exists in postganglionic sympathetic cell bodies and nerve fibers in the rat is consistent with a report that NOS is present in cervicothoracic sympathetic ganglia of the guinea pig (22). This study also demonstrates that NOS undergoes bidirectional axonal transport in the lumbar sympathetic trunk. The existence of anterograde and axoplasmic transport of proteins is now widely accepted (23).
Various neuronal macromolecules such as receptors and enzymes are known to be synthesized in cell bodies and transported toward the terminals in nerve fibers (20, 23) . The accumulation of NOS at the proximal side of the superior ligature on the left lumbar sympathetic chain suggests that this enzyme is normally transported from the cell bodies to the nerve terminal. Our finding of a less intense NOS labeling distal to the inferior tie is consistent with evidence that receptor proteins (23) and various enzymes (20) also undergo retrograde axonal transport. Although the functional significance of retrograde transport is not completely understood, it is thought that it allows for reprocessing of proteins and may, in certain instances, serve as a mechanism for the transduction of information from the terminal and/or effector organ to the cell body (23).
As mentioned, the presence of NOS in the postganglionic lumbar sympathetic nerves raises the possibility that these nerves may regulate HLR by synthesizing and releasing NOFs. These NOFs may include NO itself or NO-containing factors such as SNC (31) or dinitrosyl iron(cysteine complexes (33). The centrally mediated activation of the lumbar sympathetic chain by air-jet stress produces a pronounced hindlimb vasodilation in conscious rats that is reduced by the prior administration of the NO synthesis inhibitor L-NAME lumbar sympathetic chain produces a hindlimb vasodilation in pentobarbital sodium-anesthetized rats that is also abolished by L-NAME (14) . As such, it is possible that the vasodilation produced by the activation of the lumbar sympathetic chain may be due to release of NO or related NOFs from the NADPH diaphorase-containing nerves. However, because L-NAME inhibits both neuronal and endothelial NOS (25), these studies did not preclude the possibility that the lumbar sympathetic nerves produced a vasodilation by the release of endothelium-derived NOFs. It is well documented that adrenoceptor agonists (10) and ATP (21) also release NOFs from the vascular endothelium. The present study demonstrates that the hindlimb vasodilation produced by low-intensity ES of the lumbar sympathetic chain is markedly attenuated by 7-N& which is a specific inhibitor of neuronal NOS (27, 28). These findings support the possibility that the hindlimb vasodilation produced by ES of the lumbar sympathetic nerves is mediated by the release of NOFs from the nerve terminals. These results also suggest that 7-NI is readily taken up by the lumbar sympathetic terminals where it is able to inhibit NOS. The administration of the 45 mg/kg dose of 7-NI did not increase resting MAP or resistance in the hindlimb bed. This finding is consistent with the lack of effects of 7-NI on ACh @g/kg iv) 
